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EXPERIMENTAL STATIC AERODYNAMICS 


OF A REGULAR HEXAGONAL PRISM IN A LOW-DENSITY 
HYPERVELOCITY FLOW 

By Robert W. Guy, James N, Mueller, 
and Louise P. Lee 
Langley Research Center 

SUMMARY 

A regular hexagonal prism, having a fineness ratio of 1.67, has been tested in a 
wind tunnel to determine its static aerodynamic characteristics in a low -density hyper - 
velocity flow. The prism tested was a 1/4- scale model of the graphite heat shield which 
houses the radioactive fuel for the Viking spacecraft auxiliary power supply. The basic 
hexagonal prism was also modified to simulate a prism on which ablation of one of the 
six side fiats had occurred. This modified hexagonal prism was tested to determine the 
effects on the aerodynamic characteristics of a shape change caused by ablation during a 
possible side-on stable reentry. 

Aerodynamic force and moment data on the prism were obtained at an average Mach 
number of 12.3 and an average length Reynolds number of 1380. The experimental force 
data were compared with modified Newtonian theory’ (continuum flow regime), free molec- 
ular transfer theory (free-molecule flow regime), and a semiempirical transition "bridg- 
ing" theory (transition flow regime). The force data showed the effects of flow rarefac- 
tion and were in better agreement with the estimates of the bridging theory than with either 
of the limiting theories. The experimental moment data from both the basic hexagonal 
prism and the modified hexagonal prism confirmed the stability of a side-on reentry. The 
moment data, as well as the smaller force data, also indicated the importance of alining 
the model sting with the model wake to minimize sting-interference effects on the data. 

INTRODUCTION 

In recent years, orbital insertion and reentry of satellites and spacecraft have 
created the need for high- altitude high-velocity aerodynamic and heat- transfer data on 
bodies of various, and often aerodynamically unusual, shapes. These complex shapes 
make theoretical analyses difficult, especially in the transition regime between contin- 
uum and free-molecule flow. 



In this paper, the low-density, hypervelocity, static aerodynamic characteristics 
are determined for an aerodynamieally unusual shape, a regular hexagonal prism having 
a fineness ratio of 1.67. This shape is the same as the graphite heat shield which houses 
the radioactive fuel for the Viking spacecraft auxiliary power supply (radioisotopic ther- 
moelectric generator). Safety considerations dictate that if an abort should occur, this 
fuel cell must survive reentry and land intact. In order to determine the probability of 
survival during reentry, fuel -cell orientation must be known so that the heat load to the 
cell can be predicted. Background information on this type of fuel ceil as well as a dis- 
cussion of a multiple -revolution fuel-cell reentry is contained in reference 1. 

The regular hexagonal prism tested in the present investigation was a 1/4-scale 
model of the Viking fuel cell. It was tested at an average Mach number of 12.3, an aver- 
age length Reynolds number of 1380, and a simulated altitude (based on the ratio of unit 
Reynolds number to Mach number) of 77.7 kilometers referenced to the length of the full- 
scale body (1962 U.S. Standard Atmosphere, ref. 2). The prism was tested through an 
angle -of -attack range of 0° to 90° (apex forward, an effective roll angle of 0°), an 

angle -of -attack range of 0° to 90° (side flat forward, an effective roll angle ^ of -90°), 
and a roll-angle range of 0° to -30° (apex-to-side flat) at an angle of attack of 90°. The 
regular hexagonal prism, modified to simulate a prism with one of its six side flats 
ablated, was also tested through a roll-angle range of 0° to -180° at an angle of attack 
of 90°. This modified prism was tested to determine the effects on the static aerody- 
namic characteristics of a possible stable side -on reentry. Similar investigations on 
a right circular cylinder fuel cell are reported in references 3 to 5. 

The force data were compared with modified Newtonian theory (ref. 6) and free- 
molecule flow theory (ref. 7). In addition, the force data were compared with a semiem- 
pirical transition bridging theory (ref. 8) which was based on these limiting theories. 

The present force and moment data add to the rather meager supply of experimental 
data on aerodynamieally unusual shapes flying at high altitudes. Such data are needed for 
three reasons. First, they may be used to evaluate theoretical prediction methods in the 
transition flow regime. Second, they are necessary for the determination of vehicle ori- 
entation during reentry (for safety, reusability of vehicles, and other considerations). 

And, third, they are needed in the determination of the proper altitude for the removal of 
the protective shroud during satellite launches. 

SYMBOLS AND NOMENCLATURE 

The body and wind axes systems, showing the directions of forces, moments, and 
angular quantities are presented in figure 1. The angles used to describe the orientation 
of the hexagonal prism are from reference 9. The reference area used in the force and 
moment coefficient equations is the product of the model length and the distance between 
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the side flats of the basic hexagonal prism. Reference length is the model length. The 
moment reference center is coincident with the longitudinal axis of the basic hexagonal 
prism and is located at the midpoint of the model. Measurements from this investigation 
are presented in the International System of Units (SI) (ref. 10). 


v bal 


axial force in balance-axis system, corrected for component interaction 


A bal 

A 

B 

C A 

C C 

C D 

C FM 


axial force in balance-axis system, uncorrected for component interaction 


reference area, (Ld) 


constant in equation (7) 

. Fa 

axial-force coefficient in body-axis system (along Xgj, — 

^oo 

F c 

crosswind -force coefficient in wind-axis system (along Y w ), — ~ 

drag-force coefficient in wind-axis system (along x w)> ^ 

^■00 

arbitrary aerodynamic coefficient as predicted by free-molecule flow theory 
(eq. (12)) 


'MN 


-m 


'N 


'n 


'TR 


lift-force coefficient in wind-axis system (along Z w ), ^ 
rolling- moment coefficient in body-axis system (about Xg), — 

x ' C I 1 » AL 

arbitrary aerodynamic coefficient as predicted by modified Newtonian theory 

(eq. (12)) 

Mi 


pitching- moment coefficient in body-axis system (about YgJ 


L Y,B 
’ q AL 


normal-force coefficient in body-axis system (along z b> 


M 


yawing-moment coefficient in body-axis system (about ZgJ, — > — 

^OC 

arbitrary aerodynamic coefficient as predicted by the bridging theory for 
transition regime (eq. (12)) 
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m x, b 

m y, b 

m z, b 

^bal 

Nbal 

N Re 



Mach number 

rolling moment in body-axis system (about Xgj 

pitching moment in body -axis system ( about Ygj 

yawing moment in body-axis system |about Zg 

normal force in balance-axis system, corrected for component interaction 

normal force in balance-axis system, uncorrected for component interaction 

, pV 

unit Reynolds number, — 


4 



%e I L 
P 

q 
s 

T 

V velocity 

— M 

v T hypersonic viscous parameter, t .__ 

L J%e,l 

X B fY B’ Z B body -fixed axes; origin at center of gravity; Xg coincident with a 

longitudinal axis of the body (fig, 1) 

X W ,Y W ,Z W wind axes; origin at center of gravity; X w alined with relative wind; 

Y W ,Z W nonrolling about the X w axis (fig. 1) 

y ratio of specific heats 

e angle of sting balance relative to wind direction 

tj angle between tangent to body surface and wind direction 

9 sting offset angle 

A mean free path length 

p dynamic viscosity 

p mass density 

a resultant angle of attack defined by Xg axis and velocity vector (fig. 1) 

i// effective roll angle; angular inclination of the Zg axis from the projection 

of the velocity vector in the Yg,Zg plane 


pVL 


Reynolds number, 
pressure 

dynamic pressure, 
molecular speed ratio, 
temperature 


pV2 
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Subscripts: 


b model wall 

L based on reference length 

t,l plenum chamber stagnation condition 

tj2 stagnation condition behind a normal shock 

ec free -stream conditions 

APPARATUS AND TESTS 
Tunnel and Test Conditions 

The tunnel used in this investigation was the 0.305-meter hypersonic arc tunnel at 
the Langley Research Center (fig. 2) with air as the test gas. A magnetically rotated arc 
heats the air and a 5° half -angle nozzle expands it from the 0.55-cm-diameter throat to 
the 0.305- meter test section. A five-stage steam ejector provides sufficient vacuum for 
continuous tunnel operation. 

Tunnel flow properties were determined from measurements and from calculations. 
Measured properties were stagnation chamber pressure, pitot pressure, tunnel mass flow 
rate, and total enthalpy (determined as a function of stagnation chamber pressure, tunnel 
mass flow rate, and effective sonic -throat area from previous calorimeter measurements 
(ref. 11)). Free-stream properties were calculated by using the Cornell chemical non- 
equilibrium gas expansion computer program (ref. 12) which had been modified to account 
approximately for vibrational nonequilibrium (ref. 11). The nonequilibrium stream prop- 
erties were functions of stagnation chamber pressure and temperature, throat size and 
nozzle geometry, and measured pitot pressure. 

Average test conditions for the present investigation are given in the following table. 
Specific test conditions for individual tests are presented in table I. 


Test 

Average 

Test 

Average 

parameter 

value 

parameter 

value 

— — 


— 

- — _ — 

, p t lT N/m2 

8.36 x 105 

V^. m/s 

3325 

H tj i,MJ/kg 

7.71 

q , N/m2 

587 

T t i , K . 

4440 

P L 2 r N/m2 . . . 

1076 



12.3 

N Re,^,L 

1380 

p , N/m2 

5.43 

1 V T .... 

0.331 

a h kg/ m3 

1.07 X 10 ‘4 

*,L **■■■■ 

cm 

0,058 

' or ■ 

T^K 

162 
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In order to assess property gradients, longitudinal and lateral pitot pressure sur- 
veys were taken near the test- section area occupied by the hexagonal prism model. The 
longitudinal surveys showed that the dynamic pressure varied about 2^- percent over a dis- 
tance equivalent to the model length. Lateral pitot pressure surveys, in the presence of 
and approximately 12.7 cm upstream of the model, indicated no variation in dynamic pres- 
sure over a distance equal to the projected length of the model when the sting balance was 
alined with the flow. With the sting balance at the maximum angle to the flow (e & 16°), the 
lateral surveys indicated am average variation of 2^ percent in dynamic pressure in a dis- 
tance equivalent to one model length. 

The effects of comical flow (ref* 13) on the force and moment data were assessed 
analytically by assuming maximum flow angularity over the model (total subtended angle 
of 1,25°), The effects on the forces were found to be small compared with the standard 
deviation of the experimental data. (See "Error Analysis" and table 13), However, the 
calculated conical-flow effects on the moments were of the order of the standard devia- 
tion. Conical-flow effects should be minimized somewhat, however, by the viscous con- 
touring of the thick boundary layer in the low -density high Mach number nozzle, (See 
ref, 14.) 


Models 

The 1/4 -scale basic hexagonal prism and the modified hexagonal prism {modified to 
simulate ablation of one of the six side flats) are presented, with dimensions, in figure 3. 
The modified prism was designed to represent a fuel cell that might reenter in a side-on 
stable condition rather than in a spinning or a tumbling mode. Both prisms were machined 
from an aluminum alloy to minimize weight (50 g) and to reduce model temperature gra- 
dients during the tests. 

Several models with balance wells drilled at different sting offset angles 9 were 
required to cover the desired angle of attack and roll-angle ranges because the tunnel's 
circular -arc sector (used to vary angle of attack) was limited to a total travel of 25° 

(e = -16° to 9°). Some of these models are shown in the photograph in figure 4(a). A 
hexagonal prism model is shown mounted on the sting balance with the sting attached to 
the circular-arc sector of the tunnel in the photograph in figure 4(b). In order to illus- 
trate the angle -of -attack range attainable with a particular model, a model with a sting 
offset angle of 45° is shown attached to the sting in the drawing in figure 5(a). By rotating 
the model-balance system 180° ? this same model was used to obtain other angles of attack. 
(See fig. 5(b).) 


Instrumentation 

Two strain- gage force balances were used in the test series. The first was a three- 
component, uncooled balance with design limits for a normal load of 0.22 N, an axial load 
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of 2.2 N, and a pitching moment of 1.69 cm-N. It was used to measure only normal and 
axial loads and the balance moment center was located near the base of the model. 
(Moments were recorded for use in correcting for component interaction during data 
reduction.) The second was a two-component, uncooled balance with design limits for 
a normal force of 0.44 N and a pitching moment of 0.56 cm-N. It was used to measure 
only the moments, and the balance moment center was located at the center of gravity of 
the model. (Normal force was recorded for use in correcting for component interaction.) 

Pitot pressures (for use in determining free-stream properties) were obtained by 
using a 0.475-cm-diameter flat-faced water-cooled cylindrical probe. They required 
neither a viscous correction (refs. 15 and 16) nor an orifice correction (ref. 17). The 
pressures were measured with a capacitance transducer. 

The sting- balance angle relative to the stream e was measured electrically by 
the resistance change of a precalibrated precision potentiometer. This measurement, 
along with the others previously mentioned, was recorded on a 52-channel dry-develop 
oscillograph. 


Test Procedure 

The model, balance, and circular-arc sector were oriented so that the model weight 
acted in a plane perpendicular to the plane in which the forces and moments were mea- 
sured. Since the models were mounted on the center of rotation of the circular -arc sec- 
tor, they stayed in essentially the same location in the test section when the resultant 
angles of attack o or effective roll angles I// were varied. 

Preliminary tests, with the uncooled model and balance stationary, indicated that 
the measured forces and moments were unaffected by model temperature for test dura- 
tions less than 12 seconds. With this time constraint, the test procedure for obtaining the 
longitudinal (^/ = 0°; o = 0° to 90°), lateral (-ip = 90°; a = 0° to 90°), and roll data 
(cr = 90°; = 0° to 180°) was as follows (see fig. 5): 

(1) The model was mounted on the balance support system with the sting balance 
alined with the flow. It was left in this position for 5 seconds after the tunnel was started 
to allow the flow to become established. 

(2) Then, the model was rotated (12°/sec) to its angular limit in one direction. 

(Travel was stopped by a limit switch triggered by a tab on the circular-arc sector.) It 
was held in this position for about 1 second. 

(3) Next, the model was rotated to its angular limit in the opposite direction and 
held in this position for 1 second. 

(4) Finally, with the model in this position, the pitot probe was inserted into the flow 
and pitot pressure was measured near the model tip on the tunnel center line. After allow- 
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mg the required 2 seconds for the pressure measurement to reach a steady-state level, 
the tunnel flow was stopped. 

On the next test, the model and the sting balance were rotated 180°. This rotation 
provided a duplicate zero- sting- alinement data point (to check stream angularity) and 
two new data points . 


DATA REDUCTION 


The strain- gage data were measured from the oscillograph tapes and reduced to 
forces and moments by use of the balance sensitivity and calibration constants. The 
force data at this point were and A^ alj that is, the forces normal and parallel to 

the balance axis. Moment data were acquired without the necessity of transferring the 
moments since the balance moment center was located at the model center of gravity on 
the moment tests. The data were then corrected for balance component interaction. 
Finally, the corrected balance force data, N ba j and A bal , were reduced to forces in 
the body- and wind-axes systems by the following equations (see fig. 6): 

Wind-axis system: 


F ^(longitudinal) 

Fq( lateral) > = N ba j cos e - A^j sin e 

F c (roll) 

F D (longitudinal) 

F d { lateral) \ = N ba j sin e + Aj^ cos e 

F D ( r oll) J 

Body- axis system: 

-S 

F^( longitudinal) 

Fy(lateral) > = cos 8 + Aj^ sin 8 
Fy(roll) 

F a ( longitudinal) 

F A (lateral) > = -N bal sin 0 + A bal cos 9 
F N (roll) 


(-90° S e S 90°) (1) 


(- 90° £ 90°) (2) 


{0° I M 90°) (3) 


(0° s e < 90°) (4) 


F N (longitudinaI) 
Fy(lateral) 
Fy(roll) 


} = ~ N baI sin <0 


+ A ba , cos(6 - 90°) (90° J80°) (5) 


J 


F^(longitudinal) 
F^(lateral) 
F N (rolI) 


} = ' N bal cos{9 " 90 °) - A bal sUl ^ e " 90 °) (90° Ik 180°) (6) 


J 


Free-stream dynamic pressure was obtained from measured pitot pressure, which, 
in hypersonic flow, may be closely approximated by the product p^V ^ {ref. 16), that is, 

P t ,2 - (7) 

The factor B is weakly dependent on the ratio of specific heats of the gas. For these 
tests ? B was taken to be 0.925 for the known nonequilibrium flow conditions (ref, 11), 
Rearrangement of equation (7) gives the free- stream dynamic pressure for the present 
tests as 




( 8 ) 


The reference area used in the force and moment coefficient equations was the 
product of model length and the distance between the side fiats of the basic hexagonal 
prism. Reference length was model length. (See fig. 3.) 


ERROR ANALYSIS 


Systematic Errors 

The force and moment coefficients correspond to the total measured forces and 
moments on the model and thus include the effects of the pressure in the balance cavity; 
that is, no corrections to the data have been made to account for the presence of the sting. 
The moment coefficients and the smaller force coefficients show effects of sting interfer- 
ence. In reference 18, sting-support interference was investigated for a blunt model- 
support system similar to that of the present study. The interference was especially 
noticeable on pitching-moment data, the worse effects occurring at the lower Reynolds 
numbers. To minimize this effect, the suggestion was made in reference 18 that the sting 
support should be alined closely with the free wake behind the model. With this in mind, 
heaviest emphasis in this paper is placed on data taken with the sting balance alined with 
the free- stream flow direction. 
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Random Errors 

A random-error analysis of some of the experimental force and moment data was 
performed according to the method presented in reference 19. The analysis included only 
data points taken with the sting balance alined with the free~stream flow direction. This 
analysis gave an indication of the random errors over the entire angle range considered. 
Both the maximum uncertainty and the standard deviation were calculated for the points 
mentioned. (The results are presented in table II.) The standard deviations are shown 
as error bars on the shaded symbols in the figures if the error limits exceeded the sym- 
bol size. The analysis included possible errors in reading the oscillograph tapes, bal- 
ance calibrations, pressure transducer output, angular location of the model, and model 
reference dimensions. 


THEORY 

The experimental aerodynamic force data were compared with modified Newtonian 
flow theory (ref. 6), free-molecule flow theory (ref. 7), and a semiempirical transition 
bridging theory (ref. 8). The moment data were not compared with these theories since 
each theory predicts zero moments about the model center of gravity. 

The modified Newtonian and free-molecule flow theories were applied to the hex- 
agonal prism to predict the pressures and shear stresses acting on the various surfaces 
of the model. The pressure on a surface from modified Newtonian theory is (ref. 6): 

P = P«, + sin2?j (9) 

where rj is the angle between the body surface and the free-stream velocity vector and 
K = 2B = 1.85 in the present study. Surface shear stress is zero in the Newtonian 
approximation. The pressure on a surface from free-molecule flow theory is (ref. 7): 


p = 


p 

CO rX 

2S?_ 


1 2 - f 

~W 


-( s * sin I?) + 


- (S* sin tj y 


( 2 - fn)(s& si* 2 *! + §) + sin 7) [l + erf (8^ sin tj )]J> (10) 


The shear stress on a surface from free-molecule flow theory is (ref. 7): 
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( 11 ) 


■Mi 1 


T = if 


p cos 

H oo oc 


2# S Q 


-{e ^ S °° SU1 ^ + i/n (s m Sin i?)[l + erf^ sin ?j)jj 


The free-molecule calculations were done for = 12.3, y <xt = 1-43, = 3, and 

f = f t = 1 (completely diffuse reflection). The pressure and shear stresses were con- 
verted to forces (acting on the various surfaces of the hexagonal prism) and these forces 
were summed to find the resultant forces in the axes directions. 

Modified Newtonian theory and free-molecule flow theory are the limiting theories 
for continuum and completely rarefied flow, respectively. No rigorous theory was avail- 
able for this shape body in the transition flow regime. Therefore, the following semiem- 
piric al bridging theory, for predicting aerodynamic coefficients in the transition regime 
(ref. 8), was used: 


M„ 


'MN 


'TR = 


|/NRe,«°,L 


C FM 


1 + 






( 12 ) 


The appropriate reference length L for use in this equation is not apparent. However, 
on short blunt bodies, the decision is not critical; and in the present studies, the length 
of the hexagonal prism was used. In equation (12), note that for higher Reynolds numbers 
(continuum flow), ~ whereas for low Reynolds number flows (nearer free- 

molecule flow), ~ Cjrjfl. Other bridging theories are available (refs. 8 and 20); 

however, this theory was in better agreement with the present data and was also simpler 
to apply. 


PRESENTATION OF DATA 

The experimental force and moment data obtained in this study are presented in 
table III and in figures 7 to 10. The data are compared with theoretical predictions from 
modified Newtonian theory, free-molecule theory, and the semiempirical transition bridg- 
ing theory. 

Figure 7 presents C N , C D , C L , F^/Fi), and c m for the basic hexagonal 

prism over an angle -of -attack range of 0° to 90° for if/ = 0°. Figure 8 presents Cy, 

C A , Cq, Cq, F c /F d , and C n for the basic hexagonal prism over an angle -of-attack 
range of 0° to 90° for ~\f/ = 90°. Figure 9 presents Cy, Cj$, Cq, Cq, F c /F d , and 
Cj for the basic hexagonal prism over a roll-angle range of 0° to -180° for a = 90°. 
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Figure 10 presents Cy, Cj$, Cq, Cq, F^/Fq, and Cj for the simulated ablated 
hexagonal prism over a roll- angle range of 0° to -180° for cr = 90°. 

Data taken with the sting balance alined with the free -stream flow direction are 
shown as shaded symbols. These data are believed to have minimum sting- interference 
effects according to information found in reference 18. Data taken with the sting not 
alined with the flow are identified with different symbols. 

DISCUSSION OF RESULTS 

The longitudinal-force coefficients at \p = 0° (figs. 7(a) to 7(e)) exhibit a smooth 
trend over the 0° to 90° range. The normal-, axial-, and drag- force coefficients 
(figs. 7(a) to 7(c)) are affected by flow rarefaction in the form of increased force coeffi- 
cients over that predicted for continuum flow. They agree with the prediction of the 
transition bridging theory within one standard deviation in most cases and within the 
maximum uncertainty of the data in all cases. 

The lift coefficient (fig. 7(d)) is in better agreement, however, with the modified 
Newtonian theory than with the bridging theory. This result is not inconsistent with the 
better agreement of the normal- , axial- , and drag-force coefficients with the bridging 
theory; instead, it is a result of resolving the force coefficients into the wind-axis system. 
For example, the experimental normal -force coefficient at a = 60° is larger than the 
bridging theory estimate whereas the axial-force coefficient at a = 60° is smaller than 
the bridging theory estimate . Now , 

Cl = Cjyf cos a - C A sin a (13) 

and the difference between theory and experiment is magnified in C Tj since a "too small" 
number relative to the bridging theory estimate (the experimental C A sin o'j is subtracted 
from a "too large" number relative to the bridging theory estimate (the experimental 
Cjf cos oj. However, the drag coefficient data (fig. 6(c)) agree more closely with the 
bridging theory estimates at a - 60° than do the lift coefficient data since 

Cj> = Cfj sin cr + C A cos a (14) 

and the difference between theory and experiment is compensated to some extent in Cp 
since a too small number is added to a too large number. Of course, the magnitude of 
the angle of attack affects the results, as can be seen from equations (13) and (14). The 
resolution of this "apparent inconsistency" presents a strong case for examining the 
agreement between theoretical and experimental force data in two axes systems since 
discrepancies may be more apparent in one system than in another system. 
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Also in figure 7(d), the negative lift coefficients at the lower angles of attack are 
not predicted by free-molecule theory. Since the lift coefficient data are in better agree- 
ment with modified Newtonian theory and the drag coefficient data with the bridging theory, 
the lift-drag ratio fig- 7(e)} distribution falls between the predictions of these 

two methods. 

The effects of sting interference on pitching- moment coefficient are shown in fig- 
ure 7(f). The data connected with the dashed lines were taken with a particular model 
mounted on the sting balance, and the various symbols denote sting inclination angle rela- 
tive to the flow direction. (See the chart in fig. 7(f).) Data taken with each sting incli- 
nation angle may be used to form a unique moment curve; sting interference effects are 
thus indicated. The wide spread in the pitching moments obtained with different sting 
alinements at approximately the same angle of attack also indicates strong sting inter- 
ference effects. 

Only the moment data taken with the sting alined with the flow (solid symbols) are 
presented in figure 7(g) since sting interference effects are believed to be negligible in 
this orientation (based on the results of ref. 18). The fairing of the data indicates trim 
points (C m = 0) at 0 = 0°, 20°, 38°, and 90°, those at a = 20° and cr = 90° being stable 
(dC m /da < 0). The 90° trim point is the more stable of the two (more negative dC m /do) 
and is the orientation (from static considerations) that the hexagonal prism would tend to 
seek during reentry. 

The lateral aerodynamic force data (for -ip - 90°) shown in figures 8(a) to 8(e) are 
very similar to the longitudinal data. The data are very smooth over the entire angle -of - 
attack range (0° to 90°) and are generally in better agreement with the transition bridging 
theory than with either of the limiting theories. However, the crosswind data (fig. 8(d)) 
tend to agree with modified Newtonian theory for a < 40°. 

The yawing- moment data (with a side flat facing the flow) (fig, 8(f)) exhibit trends 
similar to the pitching- moment data (with an apex facing the flow). Stable trim points 
are at approximately 15° and 90° with the more stable orientation occurring at o * 90°. 
Apparently then, the hexagonal prism will, upon reentry, tend to seek the vertical position, 
that is, o = 90°, whether an apex (\p = 0°) or a side flat (-* p = 90°) is facing into the flow. 

The roll tests were undertaken to determine which of these orientations would occur 
and the results are presented in figure 9. These tests were conducted with a = 90° with 
force data taken from -\p = 0° to 30°, The remaining data points in figure 9 (for 
-\p = 30° to 180°) were calculated from the experimental roll data by use of model 
symmetry . 

The side-force coefficient (fig. 9(a)) is predicted generally very well by the bridg- 
ing theory. The dip in the data near -ip = 90° may possibly be caused by sting interfer- 
ence effects. This dip appears to be inconsistent since the data near -tp = 90° were cal- 
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culated from the data obtained at -ip = 31.3°, where the experimental Cy data point 
agrees quite well with the estimate of the bridging theory. Again, this "apparent incon- 
sistency" may be resolved by examining the data and theory in both the wind- and body- 
axes systems. Near -i^ = 30°, 90°, and 150°, the data (fig. 9(d)) show scatter 

about the bridging theory estimates whereas the Cq data (fig. 9(c)) are consistently 
less than the bridging theory estimates. Now 

Cy = Cq cosji/zj + C D sin|tf/| (15) 

H the experimental crosswind force coefficient Cq is greater than the estimate of the 
bridging theory, the difference between the theoretical and experimental values of Cy 
is diminished. If the experimental crosswind force coefficient is less than the estimate 
of the bridging theory, the difference is magnified. However, the magnitude of the roll 
angle also affects these results- near -ip ~ 90°, Cy = Cp and hence, there is a dip in 
the experimental Cy data at this roll angle. 

Note also the "apparent agreement" of the experimental Cy data where e = -8.5° 
and -16.4° with the bridging theory prediction in figure 9(a). However, the crosswind 
data (fig. 9(d)) at these same sting inclination angles do not agree with the bridging theory 
prediction. Again, the importance of making the comparison between theoretical and 
experimental force data in two axes systems is emphasized. 

The normal-force coefficient (fig. 9(b)) is also well predicted by the transition 
bridging theory with the exception again of some data points taken with the sting balance 
at an angle to the flow direction. The same remarks apply for the drag- coefficient data 
in figure 9(c), 

Sting interference effects are most noticeable in the crosswind-force-coefficient 
data and the crosswind -drag ratio in figures 9(d) and 9(e). These effects are enhanced 
by the small magnitudes of the forces involved as was true in the cases of the longitudinal 
and lateral moment data. Data taken with the sting balance alined with the flow (solid 
symbols) are in reasonable agreement with the predictions of both the bridging theory 
and modified Newtonian theory. 

The rolling- moment data are shown in figure 9(f). Stable trim points appear to 
exist only at -ip = 30°, 90°, and 150°, that is, with a side flat of the hexagonal prism 
facing into the flow. However, since only two rolling-moment data points were mea- 
sured {-ip = 0° and 15°), the faired curve must be used with caution. Rolling moment 
taken on the same shape at M,*, - 3,52 and N^ e „ = 3.28 x 10^ per meter and tabu- 
lated in reference 21 indicate stable trim points with either an apex or a side flat of the 
basic hexagonal prism facing the flow. 

Since the distance from the center of the hexagonal cross section to the side fiat is 
the minimum radius, tests were conducted on a hexagonal prism with one of the six side 
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flats modified to simulate an ablated flat. The side- and normal -force coefficients and 
the drag coefficients are presented in figures 10(a) to 10(c). Generally, the data lie 
between the predictions of the bridging theory and modified Newtonian theory with the 
zero sting alinement data agreeing more closely with the transition bridging theory. 

Sting interference effects may be noted in the crosswind - force coefficient data and 
the crosswind -drag ratio in figures 10(d) and 10(e). The zero sting alinement data lie 
very nearly coincident with the bridging theory prediction. 

The rolling- moment data for the modified hexagonal prism was taken with the bal- 
ance moment center located at a point corresponding to the center of gravity of the basic 
(unmodified) hexagonal prism. This procedure is proper for determining the stability of 
the fuel cell which contains a very dense core surrounded by the lightweight graphite heat 
shield. Ablation of the fuel-cell heat shield would shift the center of volume to a much 
greater degree than the center of gravity. Of course, the data, as measured, would not 
describe the stability of a hexagonal prism of uniform density. 

The rolling-moment data are shown in figure 10(f), Data shown as shaded symbols 
are the present results (sting balance alined with the flow) at an average Mach number of 
12.3 and an average length Reynolds number of 1380. Data shown as open symbols were 
obtained at a Mach number of 3.52 and a length Reynolds number of 562 000 (ref. 21). A 
singLe fairing through both sets of data is presented. A stable trim point occurs at 
~\p = 30°. In this orientation, the simulated ablated flat is perpendicular to the flow 
direction. It should be noted, however, that tabulated data in reference 21 indicates that 
if an apex should ablate (rather than a side flat), the hexagonal prism would be stable 
with the ablated apex facing the flow. 

The results of the longitudinal, lateral, and roll tests on the basic hexagonal prism 
and the modified (simulated ablated) hexagonal prism indicate that the reentering body 
will tend to seek the 90° angle -of- attack orientation. In addition, if a side flat starts to 
ablate, the side-on orientation will remain stable with respect to the center of gravity of 
the basic hexagonal prism as ablation continues. Thus, any design for the survival of the 
hexagonal prism fuel cell should consider the heat load for constant orientation, ablation 
occurring primarily on one side of the prism, 

CONCLUSIONS 

The results of aerodynamic force and moment tests on a regular hexagonal prism 
at an average Mach number of 12.3, an average length Reynolds number of 1380, and a 
simulated altitude (based on the ratio of unit Reynolds number to Mach number) of 
77.7 kilometers referenced to the length of the full-scale body indicated the following 
conclusions: 
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1. A semiempirical transition bridging theory , based on continuum and free- molecule 
limiting theories, agreed well with the experimental aerodynamic force data. The con- 
tinuum theory (modified Newtonian) and free-molecule theory were found to be inadequate 
for predicting aerodynamic forces on a hexagonal prism in the transition flow regime. 

2. Experimental pitching- and yawing-moment data indicated that the basic hexag- 
onal prism would tend to seek an aline meat perpendicular to the flow (90° from end- on) 
upon reentry. Further tests on a modified (simulated ablated side flat) hexagonal prism 
indicated that if a side fiat started to ablate, the side-on orientation would remain stable 
with respect to the center of gravity of the unablated hexagonal prism. 

9. Sting interference effects were very noticeable on the smaller force data and on 
the moment data when the sting balance was at an angle to the flow. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., May 18, 1972. 
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TABLE I.~ WIND - TUNNEL TEST CONDITIONS 
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TABLE HI,- TEST RESULTS - Continued 


(c) Roll data for regular hexagonal prism, o = 9O 0 . (Values above dashed rule are 
measured data; values below are calculated from the measured values,) 
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(a) Longitudinal tests. 



v w 

\p = 0°. 



(b) Lateral tests, -ip = 90°. 




(c) Roll tests, cr = 90°. 


Figure 1 Positive directions of the forces and moments 
acting on hexagonal prism. 
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Tunnel assembly 

(a) Schematic drawing of the arc heater and the tunnel assembly. 

Figure 2.- The 0.305- meter hypersonic arc tunnel at the Langley Research Center. 
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(a) Basic hexagonal prism. 
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(b) Modified hexagonal prism. 

Figure 3.- Geometry of models tested in investigation. 
Dimensions are in centimeters. 
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L- 70 -7686 

(a) Various hexagonal prism models used during the tests showing the basic and the modified model as well as 

the balance cavities drilled at different sting offset angles. 

Figure 4.- Typical test models and model attachment in tunnel. 





(b) Bottom view of test section showing a hexagonal prism model mounted on the sting balance 
and the attachment to the tunnel circular-arc section. 
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Figure 4.- Concluded. 









(a) Model balance in normal position. 

Figure 5.- Test sequence showing angles of attack attainable with a single model. 

6 = 45°. 


32 



Tunnel center line 


1 \ / 

X 

Support sting and balance 

\ \ . Mofle! 

/ 


\ /x <e “ 4501 

V' ^ 

/ 

i 1 ndlcate approximate location of center 
of rotation of angle-of-atiac* sector 

Q 

It 

U) 

O 

o 



Tunnel center line —7 

X\ 



£ ~ -9° t maxi mum 



Tunnel center line 




e “ 16° { maximum) 


[& = 45 °) 


(b) Model balance rotated 180 
Figure 5.- Concluded. 





Model reference axis 


V 



(a) Longitudinal tests. ^ = 0°. 



(b) Lateral tests. -\j/ = 90°, 



(c) Roll tests, a ~ 90°. 

Figure 6.- Relationship between forces and angles in the balance, 
body, and wind axes systems. 
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(d) Lift coefficient. 
Figure 7.- Continued. 
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(f) Sting- interference effects on pitching- moment coefficient. Symbols connected by 
dashed lines are data taken with the same model. 


Figure 7.- Continued. 
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(a) Side-force coefficient. 

Figure 8.- Lateral aerodynamic characteristics of a hexagonal prism* = 9 
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(a) Side-force coefficient. 

Figure 9.- Roll characteristics of a hexagonal prism, a = 90°. 
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Figure 9.- Continued. 
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(e) Crosswind-drag ratio. 
Figure 9.- Continued. 






(a) Side -force coefficient. 

Figure 10.- Roil characteristics of a hexagonal prism with a simulated ablated flat, a = 90°. 
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(c) Drag coefficient. 
Figure 10.- Continued. 
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Figure 10. - Continued. 
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(e) Crosswind-drag ratio* 
Figure 10.* Continued* 
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